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ABSTRACT 


>1  •  Scc°ndary  e"»iB*ion  measurement*  of  electron-beam-evaporated 

dependence .’"on  'VooT'  *'**""' 

m™.  t(tSr5^cTu*  Ao^V,' 0d 

0.  017  molecules /ion  at  1.  2  KV  respectively. 

tests  IrfnrmlHOlTE1CC»tr0n  B°mb‘rdme"1  Vehicle  was  completed  and  initial 

m £ .  *  "q  s  *c,lv*,1°n  by  hi,h  p««— 

piecing  p'?..S;„^u.^rP!1,r0n  V'h‘Cl'-  QKS1,’<>  »*■  "*">*  «•«- 

Interest  and  effort  on  the  oxygen  approach  continues.  A  high  average 
power  version  of  the  QKS1319  CFA  test  vehicle,  which  is  under  construction, 
will  be  used  for  life  testing  employing  the  oxygen  approach. 

An  analysis  of  electron  back -bombardment  energy,  angle  of  incidence 
and  phase  shift  in  CFA*  s  is  given  in  the  Appendix.  * 
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FOREWORD 


^  w  j  Long-life  cold  cathode  etudlee  for  c  roaeed-fleld  tube*  are 

NVw  7j!!d  bV  Unn/dJ UM  5rmr  E1«ct^n‘c*  Command,  Fort  Monmouth, 

Ne*  araey,  under  DA  Project  No.  7900-21.223-12-00.  The  work  «*• 

UrvdV  ,h*  •wpport  of  the  Advanced  Reaearch  Projecta  Agency  under 
Prder  No.  '<5  and  ta  conducted  under  the  technical  guidance  of  the  U,  S. 
Army  F  lectronica  Command,  Fort  Monmouth,  N.  J.  07703. 
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INTRODUCTION 


The  objective)  of  the  pretent  cold  cathod*  study  program  ia  to 
achlevo  long  life  cold  cathode  performance  for  crossed-field  amplil. era. 
Th.a  program  Is  being  performed  for  the  United  State*  Army  Electronic* 
Command,  Fort  Monmouth,  New  Jersey,  under  contract  DA-2i-©4J-AMC- 
01698  <E). 


In  thi*  study,  selected  cold  cathode  material*  will  be  evaluated 
as  to:  their  secondary  emission  properties,  their  ability  to  withstand  environ  - 
mental  factors  expected  In  a  crosted-field  amplifier,  and  Iheir  crossed* 
field  amplifier  performance.  Rased  on  the  above  experimental  information 
and  pertinent  theoretical  calculations,  a  life  prediction  chart  will  be  estab¬ 
lished  for  a  number  of  cold  cathode  materials. 

The  program  is  divided  Into  two  concurrent  phases,  pha»>e  A  being 
concerned  with  the  measurement  of  various  perbnent  properties  of  cold 
cathode  materialii  outside  of  the  tube  environment,  and  pha  >•  B  involving  the 
evaluation  and  life  testing  of  selected  cathodes  in  a  crossed-fleld  am  pi  ’i  r. 

The  first  quarterly  report  of  this  contract  (Technical  Report 
ECOM  01698*1)  contains  a  discussion  of  the  objectives  and  plans  for  the 
over-all  program. 

2.  PHASE  A  -  MATERIALS  EVALUATION 

2. 1  Electron  bombardment  vehicle  (EBV).  During  the  present  report 
period,  EBV  activity  consisted  of  the  following: 

a)  Modification  of  vacuum  system  and  consolidation  of  power  supplies. 

b)  Measurements  on  a  beryllium  (Be)  sample. 

c)  Measurements  on  a  molybden  un  alumina  (Ms-Al^Oj)  film  sample. 

These  are  discussed  in  turn: 

2.  1.  1  EBV  system  modification.  The  vacuum  system  was  modified  so 
as  to  improve  its  conductance.  TKeT72-ln.  shutoff  valve  was  replaced  by  a 
1-in.  bakeable  valv*5  which  isolates  the  EBV  and  Vac -ion  pump  from  the 
liquid  N2-trapped  oil  diffusion  pump.  Significant  Improvement  was  thus 
obtained  in  the  ability  to  outgas  the  EBV  components. 

In  addition,  the  associated  power  supplies  were  consolidated  in 
a  rack.  Figure  1  shows  the  EBV  mounted  on  top  of  the  table  containing  the 
vacuum  system.  The  newly  installed  1  In.  valve  is  seen  at  the  right  rear  of 
the  table.  The  rack  containing  the  power  supplies  is  located  at  the  right  of 
the  vacuum  system. 


-  1  - 


Figure  1.  Electron  Bombardment  Vehicle 


/«_%  -  L‘.  »rtcmd4rY  emission  ratio  I!  m  a  beryllium 

r~  r^  rmpi.g  w*»  mc-Mr.:e(j  in  the  ElW.  The  InltTSrvafue  o i 

•max  w*»  l.  «.  During  the  subsequent  bombardment  for  12.  5  hours  at 
P*rr  teo™*  "ponding  approximately  to  1  amp/cmi)  and  1.  2  KV,  no 
'  *J\V  *°  ' han*e*  *"  *  occurred.  A  defective  oxygen  source  was  replaced 

?  i  *9  ,y,,cm  ;*5Ak*d  ovcrn,*hl  **  «00*C-  A  leak  was  discovered  and 
temporarily  seated  using  anaerobic  permafil. 

are  ol  ..erf  of  ,ho  "econ^ry  emission  ratio 

*  ,  "  F,^JP,2*  *max  i*  shown  as  a  function  of  bombardment  time 

*l  *nd  1,2  KV*  Sc  ,nlttal  high  value  cf  •  3.43  decreased 

")*]*[  #.o*k  hOUr*r,iL*ruAXa*  2*  50*  *  va,u«  wh,ch  **  maintained  for  approxi¬ 
mately  60  hours  of  bombardment.  The  Initially  high  6  measurement  was 

UkJ^»ty<^  ^  lhc  Dr  dur,nR  lhp  overnight 

. k  a  2ZT  f  7'Xh  *  "m*  '***  ln  ,hp  *y*lem*  A*  *how«  in  Figure  2, 

^t;“z! 02 *  p",'ur'  °( i#  t°- — ««  *«• «« ,h. 
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2.1.3  Measurements  on  d  molybdenum  alumina  (Mo-Al^O^)  film  sample. 
A  5  *  {  thick  Mo-70w,  Al^Oj  film  sample  on  a  Mo  substrate  was  mounted 

in  ‘he  EBV.  Low  values  of  drnax  of  1.5  to  1.7  were  measured  over  a  17 -hour 
period  of  electron  bombardment  at  1  amp/cm2  and  1.2  KV.  Oxygenation  at  a 
pressure  of  5  x  10”®  Torr  had  no  apparent  effect.  Upon  disassembly  it  was 
noted  that  some  copper  had  deposited  on  the  target  surface,  presumably  due 
to  an  arc  to  the  anode  surface  near  the  target. 

2.2  Hot-Cold  Electron  Bombardment  Vohiclc.  The  Hot-Cold  EBV 
rofers  to  a  version  of  the  EBV  completed  during  the  fourth  quarter  in  which 
the  target  can  be  heated  by  a  tungsten  radiant  heater  or  cooled  by  running 
water  through  the  target  base.  Figures  3  and  4  show  details  of  the  target 
mount.  The  tungsten  heater  mounted  In  a  molybdenum  radiation  shield,  can 
heat  the  target  to  11C*0®C,  as  required  for  the  activation  and  processing  of 
nickel  cermet  and  Impregnated  tungsten  cathodes.  A  calibration  of  this 
target  heater  was  made  in  a  vacuum  bell  jar  and  is  shown  in  Figure  5. 

Two  barium  calcium  aluminatc  Impregnated  tungsten  cathode 
samples  were  prepared;  one  of  these  was  mounted  In  the  Hot-Cold  EBV  and 
activated  at  1000°C  for  30  minutes.  6max  was  found  to  be  only  1.9.  Further 
activation  at  1100°C  for  60  minutes  resulted  in  a  6max  of  2.2.  At  this  point 
a  short  circuit  occurred  between  the  anode  and  target.  Upon  disassembly  of 
the  vehicle.  It  was  noticed  that  a  stainless  steel  lead  had  overheated  and  had 
deposited  metallic  evaporants  on  a  ceramic  insulator.  It  is  also  likely  that 
the  target  surface  had  been  contaminated.  The  vehicle  is  being  repaired. 

2.3  Ion  Bombardment  Vehicle.  Two  nlectron-beam-cvaporatcd 
AI2O3  films  were  deposited  on  a  Mo  substrate  and  then  sputtered  to  complete 
erosion  of  the  film.  Due  to  a  slight  coloration  In  the  films,  it  was  possible 
to  determine  when  the  film  was  completely  removed;  the  Mo  substrate  was 
then  directly  visible.  The  sputtering  was  performed  In  N*  at  10-3  Torr  an(j 
at  an  ion  bombardment  current  density  of  1.2  ma/cm2  for  both  films. 

The  500  A  film  was  bombarded  at  1.2  KV  ion  energy  and  was 
completely  eroded  in  15  minutes,  corresponding  to  a  sputtering  yield  of 
0,017mc»/ion.  The  1000A  film  was  bombarded  at  0.8  KV  ion  cnercy  and 
was  completely  eroded  In  35  minutes,  corresponding  to  a  yield  of 
0.015  met /ion. 

For  comparison,  in  the  3£^  Quarterly  Report  of  this  project,  our 
previous  measurement  on  a  1000  A  30%  Mo-70%  Ala03  film  Implied  a  yield 
for  AI2O3  of  approximately  0.007  mes/ionatan  energy  of  0.  65  KV,  while  a 
yield  value  for  Al*<>3  of  0.016  at  0.65  KV  is  obtained  from  Wehner's  data. 

2.4  Seconder, ^million  measurements.  The  secondary  emission 
ratios  (6)  of  several  sections  of  an  aluminum  cathode  which  has  been  run  in  a 
non-deteriorated  QK1319  CFA  were  measured.  6^^.  values  of  2.06,  2.02, 

2.05  and  2.00  were  found,  while  a  Pt  sample  controlhad  a  6max  of  1.80. 

These  measurements  were  made  after  system  baheout  and  also  an  additional 
heat  treatment  of  the  samples  at  400°C  for  15  mlr  utes.  The  measured 

6's  of  the  aluminum  cathode  sections  were  similar  to  values  typically  found 
for  untreated  aluminum  as  used  In  the  CFA.  We  may  therefore  conclude 
that  C  FA  operation  did  not  alter  the  6  of  the  alum  num  cathode. 
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Figure  3. 


Target  Mount  and  Support  Flange 
Hot -Cold  EBV 
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Figure  4.  Target  Mount  of  Hot-Cold  EBV 
(exploded  view) 
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r . 

*mxx  value.  after  °ut**..,nK  are  given  in  Table  I.  v«*‘elc  'SK*K 


Table  I. 


Film  *hickne..(A )  Deposition  temperature  (*C) 


IOC 

100 

1000 

1000 


600 

1100 

600 

1100 


*max 

V 

P  max 

4.53 

550 

5.05 

475 

21.0 

950 

5.  52 

600 

(volts) 
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3.  PHASE  D  -  CFA  TESTING 

,MCiJ  QifgffiffiM  £f  A  *tg*  vehicle,  Construction  is  nearly  complete  of  a 
•  p*cl*l  OKS1I94  Amplitron  for  use  as  a  test  vehicle  in  evaluating  cold  cathode 
emitter*  which  require  high  temperature  activation  before  operation.  The 

ju**  Peculiar  to  the  test  vehicle  are,  for  the  most  part,  purely  nechanical 
and  donot  alter  the  electrical  operating  characteristics  of  the  QKS1194 
Amplitron  which  are  shown  in  Table  n. 

Table  II. 

QKS1194  Operating  Characteristic* 


Pulse  Conditions* 

Frequency 
Peak  drive  power 
Peak  output  power 
Average  output  power 
Anode  voltage 
Peak  anode  current 
Average  anode  current 


tpc 

pps 

du 

F 

Pd 

Po 

Po 

«h 

ii 


*  80  pace 
■  150 

*  0.012 

*  2800  -  3200  MHz 

*  50  kw 
t  1  Mw 
m  lo  kw 

W  4  5- 55  kv  (over  operating  band) 
tr  25  amp 
®  275  ma 


May  be  varied  to  vary  operation  characteristics. 
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A  photograph  of  the  QKS1194  is  shown  in  Figure  6.  Construction 
of  the  anode  waveguide  assembly  has  been  completed.  A  change  in  the 
design  of  the  welding  life  will  make  it  possible  to  evaluate  four  emitters 
before  any  anode  re-operation  becomes  necessary  between  seal-ins. 

A  layout  of  the  cathode  assembly  is  shown  in  Figure  7.  By 
enlarging  the  inner  diameter  of  the  water  coolant  channel,  it  is  possible  to 
provide  space  for  an  immersible  heater  assembly,  which  is  capable  of 
heating  the  emitter  surface  for  thermal  activation.  Possibly,  some  of  the 
emitters  to  be  evaluated  with  this  vehicle  will  not  require  pre -activation; 
therefore  an  attempt  will  be  made  to  start  the  tube  cold,  without  activation. 
Caution  must  be  exercised  in  the  event  that  arcing  occurs  during  this 
attempt  since  a  severe  arc  could  cause  permanent  damage  to  the  emitter 
surface  that  could  not  be  restored  by  thermal  activation.  Once  the  emitter 
has  been  thermally  processed,  the  immersible  heater  assembly  may  be 
removed  and  coolant  tubes  inserted  for  cold  cathode  operation. 

The  first  emitter  to  be  evaluated  will  be  an  impregnated-tungsten- 
matrix  type  cathode.  Parts  for  the  cathode  assembly  are  complete  and 
construction  is  in  process. 

3. 2  High  average  power  cold  cathode  CFA  test  vehicle.  During  this 
report  period,  the  high  average  power  forward  wave  CFA  was  sealed-in 
twice  with  a  beryllium  emitter.  It  was  provided  with  omegatron  gauge  and 
Bayard-Alpert  gauge  appendages  for  experimental  gas  analysis  during 
the  operation  of  the  C>2  source.  The  heater-cup  assembly  of  the  oxygen 
source  was  revised  to  stabilize  the  heater  power  characteristics. 

The  first  experimental  hot-test  run  had  to  be  terminated  before 
cathode  deterioration  and  use  of  the  oxygen  source  because  of  a  leak 
which  occurred  in  the  glass  envelope  of  the  omegatron  gauge.  The  leak  was 
repaired  and  the  test  vehicle  was  again  sealed-in  and  baked  out.  Unfortu¬ 
nately,  an  analysis  of  the  gasses  evolved  during  operation  could  not  be 
performed  due  to  a  shorted  element  in  the  omegatron  gauge. 

In  both  cases,  the  tube  exhibited  normal  electrical  operating 
characteristics  with  the  beryllium  emitter  before  the  termination  of  the 
experiment.  Experiments  will  continue  to  determine  the  effect  of  gasses 
evolved  during  the  use  of  the  oxygen  source. 

Previous  to  the  use  of  the  Bayard-Alpert  gauge  appendage,  the 
only  provision  for  recording  gas  pressure  was  the  Vac-Ion  pump  itself, 
making  impossible  a  record  of  gas  pressure  without  continual  operation  of 
the  pump.  Efforts  to  "snap  on"  the  Vac -Ion  to  read  pressure  without 
significant  pumping  action  proved  to  be  extremely  difficult.  Some  useful 
information  was  obtained  when  it  was  observed  that  cathode  deterioration 
seemed  to  be  reduced  by  operating  without  the  Vac-Ion  pump.  However  at 
this  time,  no  definite  or  conclusive  statements  maybe  made  on  this  observation. 

A  high  average  power  version  of  the  QKS1319  CFA  test  vehicle 
containing  an  oxygen  source  is  currently  under  construction,  under  the 
present  program.  This  tube  will  be  used  for  life  testing  purposes.  Evalua¬ 
tion  of  the  oxygen  approach  has  also  been  occurring  on  another  program  at 
Raytheon. 
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Figure  6.  QKS1194  Amplitron 
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PLANE  A-A  WATER-COOLED  COLD-CATHODE  DETAIL 
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emission^ c.urrent,  boundaries.  The  secondary-emission-limited 
current  boundary  of  a  CFA  employing  a  cold  cathode  depends  on  the 

“0C/O^uy  ®mJ8flion  ratio  (6eff)  °f  the  cathode  surface.  The  energies 

in  thtTrrl  °tl the  back*bombarding  electrons  are  unknown.*  The  effective  6 
in  the  CFA  therefore  can  only  be  estimated. 

**  absence  of  a  thermionic  contribution,  the  available  anode 
current  may  be  expressed  as 


where 


la*(6eff-l)  Ibb 

Ij  s  available  anode  current 


°eff 


effective  6  in  CFA  taking  account  of  energy  and 
angle  spectrum  of  back-bombarding  electrons. 

^bb  *  back-bombarding  electron  current 

l#limr deP°n<tence  of  Ia  on  the  anode  voltage  will  depend  on  the 
assumption  or  approximations  made  for  Ibb.  If  we  assume  that  IKu  is 
proportional  to  L,  tuo  characteristic  current  of  the  crossed-ficldbdevi''c, 
then  we  obtain  the  result  that  la  is  proportional  to  Va  3'*.  Thus  the 
perveance  represented  by  the  emission  current  boundary  (ECB)  would  be 

ECB°d?0nf1  (6cfrli*  ”owever»  ^  found  that  a  better  fit  to  experimental 
ECB  data  of  our  ownai  d  others  is  obtained  by  a  linea  -  relation  of  the  form 

fa  *  b  (6fl££-l)  (Va-Vt) 

Vt  is  a  threshold  voltage  and  reflects  the  fact  that  decreases  to  below  1.  Oat 

S«heSKin[rcrAer;,rv^  ™  bort*rl'- 

aluminum,  borylUum,  and  a  1000  A  fUm  of  30*  Mo-70*  A l^O^'on  a  Mo"1””' 

*U.b*trrat«-  “  w.e  a"ume  ^  «eff  for  Pt  is  1. 8,  we  may  compete  6cff  for 
other  catliode.  in  the  same  CFA  by  noting  that  the  slope,  dla/dVa,  of  the 
ECB  is  proportional  to  (6eff-l ).  The  following  values  of  6off  are  thus  obtained: 


Cold  Cathode 

A1 

Be 

30%Mo-70%  AI2O3  film 


\*IL 


7.0 

5.6 

2.2 


.  .  Secondary  emission  measurements  of  an  aluminum  or  beryllium 

sample,  having  on  its  surface  a  thin  oxide  film  of  25  to  50  A  thick  found 
exposure  to  ^C  air,  yield  values  of  6max  of  2.  0  to  2. 5.  These  Val^s 
much  iower  than  6ef,  in  a  CFA.  Optimally  oxidized  aluminum  or  beryllium 
samples,  however,  do  have  6max  valves  of  4  to  6.  Possible  explanations  of 
the  anomalously  high  6eff  of  aluminum  or  beryllium  cathodes  in  a  CFA  are: 

1)  enhanced  back-bombardment  current  due  to  presence  of  thin 
dielectric  film  at  cathode  surface; 


m  See  Appendix 
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2)  enhancement  of  6  due  to  tube  operation*  involving  a  change  in 

nature  of  oxide  film; 

3)  greater  preponderance  of  gracing  incidence  for  back -bombarding 

electrons  in  the  case  of  the  oxide  film. 

3. 4  Electron  back-bombardment  conditions  at  cathode  surface.  In 
order  to  make  the  result  s  of  the  present  program  applicable  to  a  wide  variety 
of  crossed-fleld  amplifiers*  more  needs  to  be  known  about  electron  back* 
bombardment  parameters  and  their  dependence  on  dc  and  rf  level. 

A  brief  Investigation  of  this  area  was  therefore  initiated  by  J.  M. 
Osepchok  of  Raytheon's  Research  Division.*  The  Appendix  to  the  present 
report  describes  the  results  of  the  study  and  points  out  areas  of  possible 
further  investigation  to  help  elucidate  the  electron  back-bombardment  and 
buildup  processes  in  CFA's. 

The  electron  back-bombardment  parameters  investigated  were 
energy*  angle  of  incidence*  and  phase  shift.  Two  cases  were  investigated 

1)  General  beam  with  distribution  of  orbital  amplitudes 

2)  Cycloidal  2*eam 

The  latter  cs»<  is  believed  to  predominate  in  the  buildup  process 
and  in  the  output  region  in  the  steady  state  and  is  characterised  by  near 
normal  incidence,  bombardment  energy  proportional  to  rf  electric  field,  and 
short  interaction  time. 

Typically,  at  saturation  power  levels*  bombardment  energy 
ranges  from  aero  to  a  maximum  of  the  order  of  the  synchronous  beam 
potential  Vo. 

Application  of  this  investigation  to  a  study  of  the  buildup  process 
in  a  CFA  is  Indicated. 


*  Support  for  this  study  was  shared  by  Raytheon  Company  and  the  present 
contract. 
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APPENDIX  A 


STUDY  OF  ELECTRON  PACK- BOMBARDMENT 
ENERGY  IN  CROSSED- FIE LD  AMPLIFIERS 


by 


Dr.  J.  M.  Oscpchuk 


A- 1.  INTRODUCTION 


The  objective  of  this  study  is  to  determine  the  characteristics  of 
electron  back -bombardment  in  a  crossed -field  amplifier  (CFA)  of  the  dis¬ 
tributed  emission  type  i«  c.  with  a  cold  cathode  yielding  a  current  through 
the  secondary  emission  process.  The  characteristics  of  Interest  include  the 
distribution  of  back -bombardment  energy,  the  associated  angle  of  incidence 
of  bombarding  electrons,  and  the  resulting  shift  in  phase  of  secondaries 
relative  to  the  phase  of  primary  electrons.  We  wish  to  know  the  dependence 
of  these  characteristics  on  interaction  space  parameters,  anode  voltage  and 
rf  power  level.  Furthermore,  we  wish  to  know  how  the  characte  -istlcs 
differ  In  several  distinct  steps  of  the  cold  cathode  CFA  operation,  viz. 

(I)  Buildup  stage  or  initial  state 

U)  Steady  state  at  rf  input 

(J)  Steady  state  at  saturation  locations  along  interaction  length. 

In  any  stage,  it  is  valuable  for  us  to  know  the  location  of  the  secondary 
emission  along  the  interaction  space.  Lastly,  we  are  interested  in  shedding 
light  on  possible  criteria  fo  buildup  and  the  maximum  current  boundary, 
and  possible  techniques  for  l  ie  enhancement  of  the  process. 

The  basic  geometry  of  the  CFA  interaction  space  is  depicted  in 

Figure  A- 1. 
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Figure  A-l.  Interaction  Space  of  Cold  Cathode  CFA 

The  device  may  or  may  not  be  re-entrant.  If  non-reentrant,  the 
electron  beam  at  the  input  is  always  zero  even  in  the  steady  state.  If  re¬ 
entrant,  there  will  generally  exist  an  electron  stream  entering  the  inter¬ 
action  space  at  the  rf  input  which  is  possibly  a  modified  version  of  the  stream 
or  beam  which  leaves  the  interaction  space  at  the  rf  output.  The  slow  wave¬ 
length  \0  is  generally  greater  than  2  p  corresponding  to  a  fundamental  phase 
shift  <  ir. 
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The  basic  process  of  efficient  cold  cathode  emission  is  assumed 
to  be  the  result  of  interaction  under  conditions  of  velocity  synchronism,  not 
only  for  favorable  electrons  but  also  for  the  unfavorable  electrons  which 
bombard  the  cathode.  This  condition  is  simply  described  by  the  relation 


(c / Vg)  =  (-p)  ,  (1) 

o 

where  vo  is  the  phase  velocity  of  the  interacting  delay  line  harmonic  and  ve 
is  the  beam  velocity.  In  this  case  it  is  generally  assumed  that  adiabatic 
conditions  exist  —  which  means,  in  thin  beam  CFA  theory,  that  uc/uD  >  5 
where  Uc  is  the  radian  cyclotron  frequency.  In  crude  terms  this  means  that 
any  spiralling  or  relative  motion  of  electrons  as  caused  by  the  rf  fields  is 
small  in  orbital  diameter  compared  to  the  cathode-to-anode  spacing,  so  that, 
in  general,  the  electrons  move  under  the  influence  of  rf  fields  with  a  slow 
drift  at  a  velocity  given  by  (E  rf/B).  It  is  the  "slow"  drift  of  electrons  in 
unfavorable  phase  toward  the  cathode  which  then  leads  to  back-bombardment 
and  secondary  emission  at  the  sole. 

This  interaction  is  thus  the  desired  and  principally  observed 
effect  in  CFA  cold  cathode  emission,  but  note  should  be  taken  of  various 
other  "spurious"  effects  which  could  affect  the  back-bombardment  process 
if  present.  These  effects  are  generally  associated  with  cyclotron  waves  or 
modes  which  occur  when 


c 


± 


(2) 


where  vQ  is  the  phase  velocity  of  any  interacting  wave  or  harmonic,  ve  is  the 
beam  velocity  or  the  average  translational  velocity  of  any  part  of  a  beam  or 
stream  if  there  is  velocity  slip  due  to  space  charge,  X.  is  the  free  space 
wavelength,  and  is  the  free -space  wavelength  at  the  cyclotron  frequency. 

If  Uc  «  U  there  is  significant  cyclotron  wave  interaction  with  the  funda¬ 
mental  interacting  spatial  harmonic,  but  this  case  is  presumed  not  pertinent 
since  this  corresponds  to  low  magnetic  fields  and  non-adiabatic  electron 
motion,  both  of  which  are  not  characteristic  of  practical  CFA' s.  If  u  ~  u  , 
which  is  roughly  the  situation  for  most  CFA' s,  then,  without  velocity  slip  m 
the  beam,  there  is  very  little  cyclotron -wave  interaction  except  if  a  "zero 
mode"  or  high  velocity  spatial  harmonic  exists.  In  addition,  if  velocity  slip 
exists  there  could  be  significant  interaction  with  slow  electrons  and  the 
fundamental  harmonic.  If  Wc  »  U,  there  will  be  no  cyclotron  interaction  with 
the  delay  line  fields  at  the  operating  frequency. 

hi  general,  there  could  be  a  cyclotron  mode  interaction  at  any 
U  and  Uc  if  there  exist  spatial  harmonics  which  satisfy  one  of  the  resonance 
relations  of  Equation  2.  If  these  spatial  harmonics  have  a  significant  trans¬ 
verse  rf  electric  field  at  the  cathode,  there  would  result  a  significant  change 
in  the  bombardment  energy. 
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The  principal  extraneous  cyclotron  mode  effects  occur  because 
of  the  existence  of  zero  mode"  or  -Cast  wave  rf  fields  which  generally  can 
exist  in  the  interaction  space  because  of  the  insulation  between  cathode  and 
anode.  I  he  delay  line  may  or  may  not  be  coupled  to  such  fast  TEM  waves 
but  their  presence  can  affect  back-bombardment,  especially  if  there  exist 
resonances  of  the  fast  waves.  If  the  fast  waves  are  coupled  to  the  delay 
line,  they  influence  the  back-bombardment  in  proportion  to  the  main  rf 
power  level  on  the  delay  line.  Even  if  uncoupled,  these  fast  waves  can 

influence  cathode  back-bombardment  through  independent  modes  of  oscilla- 
tion. 


Although  these  effects  can  be  important  in  practice,  they  are 
neglected  here  and  omitted  from  detailed  consideration.  Nevertheless,  their 
existence  and  potential  importance  are  recognized. 

The  present  study  is  made  with  principal  reference  to  forward- 
vave  interaction  in  CFA' s,  although  some  of  the  results  are  of  possible 
application  to  backward-wave  interaction.  The  latter  is  potentially  a  more 
complicated  situation  because  of  possible  feedback  effects  involving  the 
emission  process  and  also  because  the  beam  motion  is  more  likely  to  be 
nonadiabatic ,  because  of  the  large  rf  field  level  at  the  beam  input  and  the 
rapid  decrease  of  rf  power  level  in  the  beam  direction  in  some  cases. 

In  order  to  study  the  perturbed  electron  motion  under  the 
influence  of  the  rf  fields,  one  must  first  assume  a  model  of  the  dc  beam  or 
electron  motion  in  the  absence  of  rf  fields.  It  is  reasonable  to  assume  a 
distribution  of  space-charge  free  electron  trajectories  for  the  following 
reasons:  first,  in  the  initial  state,  or  during  rf  buildup,  there  is  little 
emission  and  beam  current.  Secondly,  in  the  steady  state  along  the  locations 
of  high  rf  power  level,  it  is  likely  that  the  beam  is  far  from  fully  saturated 
and  most  of  the  beam  originating  in  this  region  results  from  secondary  emis¬ 
sion  following  near  cycloidal  trajectories  of  the  "primary"  electrons  in  any 
stage  of  the  multiplication  process  of  secondary  emission.  Lastly,  in  the 
steady  state  and  near  the  rf  input,  even  if  it  is  conceivable  that  a  near- 
Brfliouin  or  laminar -flow  beam  exists,  it  should  be  quite  rapidly  completely 
distorted  into  a  nonlaminar  flow  resembling  a  double  stream  or  multiple 
stream  beam.  This,  in  turn,  qualitatively  resembles  the  space-charge  free 
beam  (or  beam  of  no  velocity  slip)  rather  than  an  ideal  laminar  Brillouin 
beam  of  full  velocity  slip.  Some  study  of  a  perturbed  Brillouin  beam  is 
possible  even  within  the  context  of  an  adiabatic  theory.  However,  the 
detailed  considerations  lead  to  internal  contradictions  in  that,  in  order  to 
preserve  some  resemblance  of  laminar ity,  the  rf  fields  must  be  exceedingly 
small  and  can  lead  to  no  significant  electron  bombardment  per  se.  It  is  true, 
however,  that  the  laminar  Brillouin  beam  theoretically  is  unstable  even 
without  delay  line  rf  fields  and  should  quickly  degenerate  into  a  large  signal 
diocotron"  state  in  which  large  cathode  back -bombardment  exists. 

These  space -charge  effects  are  well  known  and  lead  to  cold 
emission  in  magnetron  diodes.  1  In  this  case,  it  is  found  that,  without  a 
delay  line,  cold  cathode  emission  occurs  most  easily  if  the  space  charge 
wavelength  \e  =  d,  the  cathode -to -anode  separation,  and  if  the  cycloidal 
trajectory  period  matches  the  space  charge  bunch  separation,  \c'  =  \e, 
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(where  X  1  *  — - —  and  V 

c  (r-» 

frequency),  i.e. 

f 


or,  since  fc 


is  ths  free-spat*  wavelength  ai  Ilk*  tyclolros 


v  V 

■  fd  ■  r  •  a rr 

f  o  c 


O) 


x 


(4) 


These  space-charge  effects  are  very  Important  and  are  sure  to  enter  Into 
the  consideration  of  cold  cathode  effect*  in  a  CFA  at  some  point,  but  they 
will  not  be  studied  here.  It  is  assumed  that  they  are  not  the  principal  cause 
of  back-bombardment,  but  rather  that  the  imposed  rf  drive  t*  the  principal 
cause. 


It  is  interesting  to  note,  however,  that  the  work  with  cold  cathode 
magnetrons  Equation  (IHimplies  that,  with  a  circuit  present,  the  easiest 
bunching  and  cold  cathode  operation  results  If  the  circuit  slow  wavelength 
Xo  is  equal  to  2d,  and  if  the  cycloid  period  is  half  the  slow  wavelength,  i.e. 


«d 


2Jjl 

2dz  p. 


2v 


•  2  f 


(5) 


where  v0  Is  the  phase  velocity  of  the  interacting  harmonic,  or 

V 


X  ■ 

ac 


1 


e  * 


(6) 


which  is  the  same  condition  as  before.  This  Implies  that 


r0d 


e  , 


(?) 


which  is  a  somewhat  different,  condition  than  is  generally  Assumed  to  be 
optimum  in  CFA  interaction  without  distributed  emission  -  namely  Fcd  2. 
The  condition  given  by  Equation  (5)  implies  that  Uj/u  ■  2  and  that  the 
cycloidal  length  is  equal  to  one -half  the  s?,ow  wavelength.  The  condition 
given  by  Equation  (7)  may  be  optimum  for  large  space-charge  effects,  but  it 
is  assumed  that  the  condition  »  ^d  —  2  may  be  more  important  for  a 
circuit-driven  CFA, 

The  dc  b*i.m  model  is  thus  assumed  to  consist  of  space -charge 
free  trajectories.  In  the  case  of  the  initial  buildup  and  the  entering  beam  in 
the  steady  state,  it  is  likely  that  a  distribution  of  trajectories  from 


\ 
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revtil  near  «o  eptcycloidal  or  trochoidal  exist  because  of  the  influence  of  end 
shields  and  other  perturbations  in  altering  trajectories.  The  most  likely 
trajectory  is  assumed  to  be  near-cycloidal  because  of  the  origin  of  all 
lr  n*  at  t*1t  cathode.  Each  trajectory  exhibits  the  same  drift  velocity 
"  va»ao  and  an  orbital  diameter  2R  so  that  the  trajectory  position  is 
described  by 


average  position 

X 

0 

~r 

4  * 

(8) 

minimum  position 

xi 

“3“ 

*  i*2^>2x 

(9) 

maximum  position 

x2 

T 

■  4p>2x 

(10) 

where  p  •  R  Rq  and  Rq  ts  the  radius  of  *  cycloidal  orbit  \u 


t 


(11) 


the  beam  potential  Vq  being 


1 

XT 


v  • 

a 


In  a  typical  state  during  buildup  or  at  the  entrance  in  the  steady  state,  it  is 
assumed  that  the  beam  is  composed  of  a  set  of  trajectories,  unifornJv 
distributed  along  y  and  a,  and  with  a  weighted  probability  of  p,is  given  by 


u[p)  *  sin  p  J  ;  o  <  p  <  2  . 

For  the  nature  of  the  "beam"  or  bombarding  primaries  along  the  output 
section  of  a  CFA  in  a  steady  state,  it  is  assumed  that  all  electrons  are 
initially  cycloidal  trajectories  as  would  result  with  secondary  electrons 
emitted  in  a  space-charge  free  region. 


Although  this  picture  of  the  initial  dc  states  neglects  dc  and  ac 
•  pace-charge  effects  it  showed  a  valid  qualitative  and  then  quantitative 
picture  ol  the  dependence  of  electron  bvxk -bombardment  on  rf  power  level 
and  interaction  space  parameters.  The  presence  of  space-charge  effects 
can  then  be  examined  for  additional  effects  such  as  those  which  influence 
the  buildup  or  maximum  current  boundary. 


So  far,  solution  for  electron  trajectories  has  been  obtained  for 
two  cases,  {it  a  general  beam  with  a  distribution  of  orbital  Amplitudes,  and 
(21  the  cycloidal  beam.  Qualitatively,  the  first  case  is  characterized  by 
tig  drift  t  mes,  finite  and  considerable  back -bombardment  energy  at  low 
power,  and  near  grazing  angles  of  Incidence.  The  cycloidal  trajectory 
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tends  to  predominate,  however,  and  weights  the  results  away  from  these 

rr,  tto-,taraCteriStiC  °f  ^cloidal  »°mbardmTj  This 
latter  case  is  characterized  by  near  normal  incidence,  bombardment  enerav 

proportional  to  rf  electric  field,  and  short  interaction  time.  gY 

^be  cycloidal  case  was  studied  in  more  detail,  with  particular 
examination  of  phase  shift  characteristics  because  of  their  significance  in 
the  sequence  of  cycloids  which  make  up  a  multiplication  process. 

e  f  TyPlcally,  at  saturation  power  levels,  bombardment  energy 
ranges  from  zero  to  a  maximum  of  the  order  of  synchronous  beam  potential 
V0.  At  power  levels  20  dB  down  from  saturation,  the  bombardment  energv  ’ 

(0.  17  -  0.  34)  vc  in  the  general  beam  of  adiabatic  properties. 

,  ,v  1.s  llkely  that  the  results  of  the  cycloidal  case  are  of  signifi¬ 
cance  to  the  buildup  and  output  region  of  the  steady  state.  The  results  for 
the  more  general  beam  are  probably  of  significance  to  the  input  region  but 
«gIo1n.CaSeS  °f  a  re_entrant  beam  which  Passes  through  a  significfnt  drift 

,  ,  ,  h1  tbe  next  section,  theoretical  expressions  for  cathode  back- 

bombardment  parameters  are  derived  on  the  basis  of  adiabat^ 

The  theory  predicts  optimum  conditions  for  back-bombardment 
which  are  close  to  those  usually  assumed  for  optimum  crossed-field  inter- 

lit  er^e^ CirCU/-t  WaveS'  These  conditions  differ  from  those  stated  in  the 
literature  for  optimum  space-charge  interaction  in  the  presence  of  a  circuit 
or  circuit-driven  interaction,  it  is  concluded  that  the  space-charge  inter-  ’ 
action  is  of  secondary  importance  in  most  cases.  g 

hi  the  last  sections  of  the  report,  the  results  of  this  studv  are 

and1?ared  *  8ll5llar  studies  of  the  magnetron,  a  typical  numerica/case 
re  considered  compatible  if  one  takes  into  account  the  peculiar  effects 

pr"s^eSo^frinTerLSrmg  &  BriU°Uin  hub  in  the  magnetron  even  in  the 

maUr?alsyo£e"ntre^e“  anBU  °£  inCidenCe  “  mad=  aVailable  (or  cathode 
A-2.  ADIABATIC  THEORY  OF  CATHODE  BACK- BOMBARDMENT 

A"?*  1  General  adiabatic  solution.  The  efficient  operation  of  crossed- 
leld  devices  has  always  been  associated  with  adiabatic  electron  motion  as 
first  descnbed  for  the  magnetron,  in  which  electrons  drift  aW  rf  equi- 
potdntials  at  velocities  Erf/p  so  small  and  with  so  little  rf.-duced^rbital 

rafh  ^  tha  the  kmft,11c  ®ne3;gy  of  electrons  upon  collection  at  the  anode  or 
cathode  is  essentially  derivable  from  the  initial  dc  trajectory.  In  this  case 

suchttn  mer  ^  effeCt  the  disPlacement  Of  electrons  in  the  +  x  directions 
5CC  xSai7.  £of  conversion  of  potential  energy  and,  at  the  same  time 
effecting  tne  + y  displacement  pertaining  to  the  phase -focusing  process  ’ 
which  results  in  bunches  or  spokes.  g  process 


It  is  assumed  that  the  beam  composed  of  electrons  of  a  distribu¬ 
tion  of  orbital  amplitudes,  as  described  in  the  preceding  section,  moves  at 
a  velocity  ve  in  synchronism  with  a  fundamental  spatial  harmonic  of  phase 
velocity  vQ.  We  will  consider  an  arbitrary  part  of  the  beam  of  orbital 
amplitude  a  =  pRq  uniformly  distributed  at  the  average  beam  position  x0  as 
depicted  in  Figure  A-2.  The  initial  phase  of  the  electrons  in  the  moving 
reference  frame  of  the  rf  field  is  given  by  4>  —  70y-t*rt#  where  <f>  =  0  is  defined 
as  the  favorable  phase  as  depicted  in  Figure  A-2.  Shown  are  the  rf  electric 
field  lines  for  the  fundamental  spatial  harmonic.  The  electrons  in  the  range 
-tt/2<<|><it/2  are  favorable  electrons  which  drift  immediately  to  form  a  favor¬ 
able  bunch  around  <J>  =  0  and  drift  to  the  anode.  The  electrons  in  the  range 
tt/ 2<4><3it/2  are  unfavorable  in  the  sense  that  they  all  initially  drift  to  the 
cathode  in  the  consequent  absorption  of  rf  energy,  although  electrons  near 
«j>  =  tv/2,  3tt/2  (near  points  B,  D)  soon  cross  over  to  the  favorable  region  and 
drift  to  the  anode. 


Figure  A-2.  Electron  Beam  in  Moving  Reference  Frame 
of  Fundamental  Spatial  Harmonic 

The  assumed  rf  electric  field  in  this  moving  reference  frame  is 
given  in  its  x  and  y  components,  assuming  no  variation  in  the  z  direction. 


cosh  y  x  sin  v  y 
_ _o _ 1  o " 

sinh  y  d 


E10  sinh  yQx  cos  yQy 


(15) 
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where  Ejq  is  the  amplitude  of  Ejy  at  the  delay  line  surface  and  is  related  to 
the  power  flow  P  by  the  coupling  impedance  Rc(d)  evaluated  at  the  delay -line 
surface,  viz. , 


Ely'V0  ^Rctd)P  . 


(16) 


According  to  the  adiabatic  assumption,  electrons  drift  along  rf 
equipotentials  with  a  velocity  v  =  v\x*  +  viy^  where  vjx  =  Ejx/B0;  and 
v ly  =  E^y/B  .  The  rf  potential  U  is  given  by 


U 


v  sinh  v  d 


sinh  yox  sin  yQy  . 


(17) 


Therefore,  the  mean  trajectory  of  any  electron  originating  at  x  =  xQ, 
4>  s  7oYo  ~  4*0  is  described  by 

Y  U  sinh  y  d 

sinh  yQx  sin  <|>  =  -  — - ^ - —  =  sinh  yq  xq  sin  <t>Q  . 


(18) 


The  drift  velocity  Vj  is  given  by 


l 


sinh  y  x 
o 

B  sinh  y  cT 
o  o 


.  2  .  .  .  2 
sin  4>  sinh  \  x 
o  o 


E10  (19) 


where  the  ±  sign  indicates  motion  toward  the  anode  or  the  cathode  for  the 
two  cases  respectively  of  -ir/2<<{>0<  "/Z >  and  tt/2  <«J>0<3tt/2.  This  equation 
can  be  rewritten  in  a  form  suitable  for  direct  integration,  viz, 


.  fit)  dt 


l. 


2  _  2  2 
sinh  Y„x  "  sin  <b  sinh  \  x 
o  *oo 


(20) 


where  t  is  a  time  constant  defined  by 


T 


B  sinh  y  d 
o  ’o 

t r 


TO 


tvtt. 


(21) 


Ej0(o)  is  the  field  amplitude  at  time  t  =  0  or  y  =  0  at  the  beginning  of  the 
interaction  space,  and  f(t)  describes  a  possible  time  variation  of  the  field 
as  seen  by  moving  electrons,  i.  e. , 


E10  =  E10<°>  «*> 


(22) 
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The  time  constant  r  can  be  interpreted  as  the  time  an  electron  under  the 
influence  of  the  peak  electric  field  Eiq(o)  takes  to  drift  the  distance 
(sinh  yod)/yot  which  is  equal  to  d  for  small  70  and  for  most  practical  cases 
is  of  the  order  of  (1-3)  •  d.  It  is  clear,  therefore,  that  actual  electron  life¬ 
times  should  be  generally  greater  than  r,  the  more  so  as  xQ/d  approaches 
zero. 


Equation  (20)  is  directly  integrable,  using  the  substitution 
u  *  sinh^x-sin2  <j»0  sinh2  70  x0  and  Pierce' s  tables  (No.  113).  The  general 
results  are  given  for  the  electron  position  at  time  T, 

for-  J<*0<5 


sinh  v  x  = 

o 


2  2 

{sin  4>q  +(1+  cos<t»ol  e  T  }  sinhyoxo 


Ze^p  •  (  1  +cos  4>] 


(23) 


T 

where  g(T)  =  \  f(t)dt,  ard 
J0 


2g(T; 

{(  1  +  |cos  <|>  I) 2  +  e  T  Sin2  <j>  }  sinh y  X 
T  <  Tm  sinh  yox  = - hm - ^ - 2_o  (24) 


~jnr - 

2e  T  (  1  +  |cos  4»  |) 


2g(T,  Tj) 


il  +  e 


T  >  T  sinh  y^  x  - 
m  o 


I  sin  4>0  |  sinh  yQxQ 


2  e 


irrrrj- 


(25) 


where 


T 

-f  =  ln| 


1  +  I  COS  <j>c 

p1"^ 


(26) 


and 


g(T.T  ) 


m 


(27) 
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amplitude  a,  then  ft  is  found  tha?n«i  tl  “ ,an  electron  has  a  finite  orbital 

of  6  <  a  <  Jaa  7  that  only  th08e  electrons  with  $c  in  the  ranee 

<  *  +  4>m  are  intercepted  by  the  cathode  where  8 


sinh  y  a 

sin  6  =  — ,-r- — 2 — 

m  sinh  v  x 
’o  o 


(28) 


and  the  time  of  interception  is  given  by  Equation  (24)  with  x  s  a  TM«  n~, 
the  adiabatic  theory7 iToi  val^e^fsTsTsmaH  dtfferfncf  ‘ ^  ***** 


SinhYoxm  =  sin^n  sinhY«x 


where  <j>  =  rr/2.  or  3tt/2  when  x  =  x 


o  o 


(29) 


m 


Given  x(T)  one  can  in  general  determine  y  or  «*>  =  YQy  from  (18),i.e 


sinh  y  x  sin  4> 

x  _  _  O  O  tO 

sin  y  —  !■  I,  — 

sinh  y  x 


(30) 


determining  Tk"^!8  f°r  X<T’  C“"  ^  r'Wri,,e"  in  *  lorm  «>»t»Me  to 


tt/2  <  «J>  <  tt/2 


sinh  Yqx  (1  +  ji 


sin2  A  sinh2  y„x 

- 2 - —  > 

sinh  yq  x 

"sinh  yq  xq  ( i  ♦  cos  VQ1 - - 


(31) 
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*/2<  ♦<  3w/2 


m  o 


till 

T 


*‘"h'*oxo  "  *  lco‘!  ♦0I* 


sinh  v  x  ( 1 
o 


+  J i  -  sin 


,  sinh  y  * 

2  j.  Jo  o  , 

*o  - , - ) 


sinh  v  x 
To 


(32) 


T>Tm^J 
m  o 


fi(T,T  ) 


/: 


,  *m  r 

T-2-  *  ">  ,  ' 


i  -  sin*  sinh*  y  x 

sinhYnx<J+v  - °  ° 


sinh  y  x 
o 


sinh  y_  x  sin  * 
o  o  o 


]• 


(33) 


U  the  field  E.q  it  not  s  function  of  time,  i.  c. ,  if  f(t)  *  1, 

U(T)  ■  T,  g(T-Tm)  ■  T-Tn,  then  expressions  (31)  -  (33)  yield  explicitly  T(x). 

Equation  (32)  can  be  applied  to  the  problem  of  interest,  namely 
cathode  back-bombardment,  to  determine  the  time  for  a  particular  electron 
with  orbital  amplitude  a,  and  initial  coordinates  xQt  yc,  to  reach  the  cathode, 
at  follows: 


l  ♦  |cos  *J 

T"»' ’ 

sin*  (l  ♦  "l - y-2) 

m  ,  t  . 

,ln  *m 

An  examination  of  these  expressions  for  r,  Ta,  and  Tg  as  a 
function  of  y0d,  reveals  that,  for  a  given  beam  position  and  anode  voltage 
(i*  e« ,  constant  Vg  and  Vgc),  and  given  rf  output  power,  t/Tc  is  a  minimum 
when  tanh  y0d  »  d/2  or  Y0d  *  1.  ?2.  Furthermore,  the  minimum  value 

of  Ta/ Tc  occurs  at  *0  *  0  and,  for  7cd,  a  little  less  than  1.  92,  if  x0/d  is 
greater  than  0.  5.  If  x0/d  it  small,  then  the  value  of  yDd  for  minimum  T. 
will  be  considerably  reduced.  In  a  similar  manner,  a  study  of  Tg/Tc  shows 
that  the  minimum  value  at  *0  ■  «  occurs  for  a  Y0d  value  a  little  less  than 
1.92,  if  p  is  close  to  1,  i,  e. ,  cycloidal  trajectories,  but  as  p  approaches 
0  the  value  of  y0d  for  minimum  T#  is  greatly  reduced  iTc  ■  the  cyclotron 
period). 
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Despite  these  variations  it  is  clear  that  values  of  7Qd  ~  1.  5  -  2.  0 
are  optimum  with  respect  to  the  fastest  response  possible  of  the  beam  to  a 
given  rf  power  level  under  most  conditions. 

A-2.  2  Formulas  or  cathode  back-bombardment  under  adiabatic 
conditions.  Assuming  a  beam  with  space-charge  free  trajectories  and 
parameters  p  and  X  as  defined  in  Section  A-l,  and  using  the  expressions 
from  adiabatic  theory  for  the  superimposed  trajectories  in  the  moving 
reference  frame,  one  can  write  the  following  formulas  for  the  properties 
of  cathode  back -bombardment  under  adiabatic  conditions.  For  a  given 
p,  X#  and  70d,  only  those  electrons  with  n  -  <|>m  <  <j>0<  w+<t>m  are  collected 
at  the  cathode,  where  4>m  is  given  by 

sinh  ty.  •  y  d 

sinh  <>  - - - - 2 -  . 

m  7  2 

sinh  X  •  Y0  d 

The  basic  time  constant  r  can  be  rewritten  as 

r  _  ucBosinh  vod  Vac  sinhyod 
_2tt610  '  Yo  n(Y^d)2  ^2Rc(d7p^ 

where  Tc  is  the  cyclotron  period. 

The  time  for  collection  at  the  cathode  is 


(35) 


(36) 


(ij£)  =  (*j <— )  •  *'«!"■ 


1  +  (cos  ♦  I 


sin  4>  (1 

m 


4 


sin  <{> 
s,nZ 


(37) 


The  backbombardment  energy  in  volts  is  bounded  by  a  minimum 
value  given  by 


? 

(-y-)  -  d-pi 

0  min 


(38) 


and  a  maximum  value  given  by 


,,  .2  2p|cos  «t»s| 

(y — )  =  ( 1  ■  p)  + - j - 

°  max 


(39) 
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where 


sin  $ 

sin  4>s  =  — J2. 

°  sm  <f> 


m 


(40) 


The  minimum  value  results  if  the  electron  is  intercepted  at  the  moment  of 

if X  *  V  in  the  dc  ^cLy.  "‘it 

value  results  if  the  electron  just  misses  the  cathode  when  x  =  xi  in  the  dc 

Thi6phasl  rd  performs,one  morR  orbital  trajectory  before  bombardment. 

he  phase  ^  corresponds  to  the  phase  of  the  rf  field  at  the  position  of 
collection  at  the  cathode  for  the  particular  electron  originatfng  al “  and 

The  total  phase  shift  of  the  electron  is 

A4>t  =  <j>s  -  <}>0  +  A<J>  (41 ) 

where  0<A4,<A«t,max  and  A*max  is  given  by 


A<{> 


max 


2  i  /2tt|cos  4>  I 


V  1/4 

-T7Z  <2Rc<d>Po> 


ac 


/Y0dVA  - 

"  cosh  I  ~TV.  ~1  sin  4>s  V2Rc(d)Po 


(42) 


The  angle  of  incidence  of  the  bombarding  electron  as  defined 
from  normal  bombardment  (cf  Figure  A-3)  is  given  by 


by  deviation 


e. 

inc 


tan 


-  1 


r 1 " P  COS  0 

1  p  sin  e 


) 


where  0  <  Q  < 


0  and  Q 
max  max 


is  given  by 


sin  0 


max 


(43) 


(44) 
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Cathode 


Figure  A-3.  Definition  of  Angle  of  Incidence  in  Bombardment 

If  all  electrons  were  collected  just  at  the  point  of  minimum  dc 
kinetic  energy,  as  with  weak  rf  fields  and  long  Ts,  then  A«j>,  0=0  and 


,(Vbb) 


min 


The  modifications  to  the  quantities  (V^/Vq)  A(j>t,  and  0jnc  from 
their  limiting  values  at  long  Ts  are  derived  from  an  approximate  solution  of 
perturbal  cycloidal  trajectories  described  in  the  next  section. 

One  can  see  qualitatively  that  back -bombardment  under  adiabatic 
theory  implies  bombardment  energy  (38)  of  the  order  of  VQ  or  smaller 
generally  0  <  p  <  2;  little  collection  for  p  ~  0;  maximum  collection  if  p  ~  1; 
and  angle  of  incidence  close  to  grazing  in  general,  i.  e. ,  0in:c  ~  w/2. 

A-2.  3  Cycloidal  back-bombardment  under  conditions  of  cycloidal 
trajectories,  u  the  dc  trajectories  are  cycloids,  as  happens  for  electrons 
originating  at  the  cathode  by  secondary  emission,  (i.  e. ,  xj  =  0,  xG/d  =  X/2, 
x2/d  =  X),  then  the  simple  adiabatic  theory  predicts  return  to  the  cathode 
without  back-bombardment  energy  and  an  angle  of  incidence  of  zero  -  i.  e.  , 
normal  incidence.  Actually,  in  one  cycloidal  motion,  a  significant  amount  of 
energy  transfer  occurs  to  yield  a  finite  back-bombardment  energy  and  a 
departure  from  normal  incidence.  These  quantities  are  calculated  approxi¬ 
mately  here  assuming  that  the  electron  in  one  cyclotron  period  drifts  down 
a  distance  Ax  given  by 


where 


EioV0  ,cos  ♦! 

sinh yd 


(45) 


(46) 
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Then  the  energy  of  bombardment  is  approximately  given  by 


1  /Vbb  y  _  Ax 

4  “  2R0 

o  eye  ° 


o  eye 


U„B 
c  o 


E10?o  cos4> 
sinh  7_d 


,  i  t  cos  9 

*  2”  (X)  {TT  1  ainh  7„<l 


(  V*"’ 


<> 

O  eye 


The  angle  of  incidence  is  given  by 


1  1  -  cos  0c 

9inc=tan’  1  sin  tf— 1  • 


Where  0  is  given  by 


_  / 2|cos  4>!  #cos  4>\ 

Bin  ec  -  Jr/rr^ '  (^rr’ 


which  is  also  the  seme  expression  as  that  (44)  for  ®max- 

The  phase  shift  (A<}>)  is  influenced  by  E  ix  as  well  as  ‘Erly,  as  it  is 
assumed  that  is  approximately  given  by 


cosh  v  R 

E  -s  e  .  — ,  .  ■  sin  4>  • 
^lx  10  sinhyQd 
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Th«*n  the  phase  shift  is  found  to  be  giv  n  by 


<*♦) 


eye 


UHcP0)'  4 


*(co«h  |  Yod)  tin  o 
— 1  y 


ac¥TnTry^ 


(S3) 


An  examination  of  Equation  (49)  for  the  cathode  back -bombardment 
indicates  that  it  Is  maximum  at  ♦  »  »  and  inversely  proportional  to  the  basic 
time  constant  T.  This  means  that  the  bombardment  energy  is  proportional  to 
the  square  root  of  the  power,  inversely  proportional  to  the  cutoff  voltage 
Vac»  and  proportional  to  (y^l^/slnh  ycd.  This  latter  function  is  a  maximum 
at  the  y0d  value  for  which  tanh  ycd  ■  y_d/2.  This  value  is  y0d  *1.92  which 
is  roughly  the  vj  lue  of  y0d  ■  2,  generally  assumed  an  optimum  fnr  effective 
crossed-field  in  erection.  It  is  interesting  to  note,  then,  that  the  same 
value  of  yQd  Is  r.ptimum  for  most  effective  phase-focusing  and  also  for  a 

~ ’  t  value  of 
for  the  same 


given  ri  power,  anode  voltage,  and  average  beam  position.  T> 
Ypd  ■  1.92,  therefore,  also  signifies  a  minimum  value  of  r/Tc 
given  condition  as  pointed  out  earlier. 


The  Incidence  Is  close  to  normal  for  low  power  (l.e«,  high  T0), 
the  more  so  at  +  '**  */2,  3*/2.  For  high  power  levels  and  especially  at 
♦o  *  *#  the  angle  of  Incidence  approaches  graxlng  slowly  —  e.g. ,  0^,  ■  4b* 

at  40  *  w,  when  t/Tc  *  1,  The  phase  shift  expression.  Equation (9 3J,  is 
composed  of  two  terms,  the  first  related  to  the  effect  of  E)y,  and  the  second 
related  to  the  effect  of  E|x.  For  +>*,  both  terms  are  positive,  indicating  a 
shift  of  the  electron  in  the  direction  of  beam  travel.  For  ♦  <*,  the  second 
term  Is  negative  and,  at  some  value  of  ♦  ■  ♦«.,  the  phase  shift  will  be  aero. 
For  +>+«•  the  phase  shift  is  positive  and  for  ♦  <♦«  the  phase  shift  Is  nega¬ 
tive.  The  value  of  is  close  to  */2  for  low  power  and  shifts  toward  *  at 
high  power.  The  existence  of  such  a  stationary  phase  point,  though  unstable, 
is  significant  since  it  Implies  that  such  a  point  in  a  steady  state  could  be  a 
continuing  original  source  of  cold  cathode  emission  as  the  wave  and  beam 
move  along  in  synchronism.  This  point  is  discussed  later  after  the  numeri¬ 
cal  results  for  the  example  studied  in  the  next  section  are  reviewed. 

A-3.  NUMERICAL  STUDY  FOR  A  TYPICAL  CFA 


Cathode  back -bombardment  properties  as  described  by  the 
preceding  theory,  will  be  examined  for  a  particular  case  which  may  be  said 
to  be  typical  or  at  least  similar  to  practical  CFA’ s  of  several  types  at  power 
levels  of  10  kW  or  more.  The  basic  parameters  are  assumed  to  have  the 
following  values:  y0d  ■  2,  Rc(d)  «  2000,  V4C  ■  24  kV,  V.  *  12  kV 
(1.  e.  X  *  0.  5):  VQ  •  1.  5  KV.  The  choice  of  yAd  an*  X  implies  a  value 

of  Uc/w  ■  2. 0. 
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It  is  interesting  to  note  that  this  example  includes  the  oft-quoted 
optimum  value  of  2  for  yed,  wkich  is  then  close  to  the  value  for  maximum 
back-bombardment  under  cycloidal  beam  conditions,  and  the  value  of 
«c/o  ■  2.  0  is  one  of  the  optimum  conditions  stated  in  studies  of  cold-cathode 
magnetrons.  *  The  value  of  y^d  *  2  is  different,  however,  from  the  optimum 
value  of  a  stated  in  these  studies. 

The  cathode  back- bomba rd-nen*  will  be  evaluated  first,  discussing 
a  beam  of  dc  trajectories  with  the  distribution  w(p)  sin  p  w/2  then,  secondly, 
for  cycioidal  trajectories  originating  at  the  cathode.  The  results  will  be 
examined  under  the  assumption  of  a  constant  power  level  in  the  range  from 
0.  1  to  100  kW. 

In  the  first  case,  results  are  computed  for  p  =  0.  1,  0.  5,  0.  9, 

1.  5,  and  1.9.  These  five  values  are  chosen  principally  to  illustrate  the 
variety  and  the  extremes  of  the  behavior  of  the  distribution  of  trajectories. 
Therefore,  the  distributions  and  averages  are  not  exactly  valid  but  are 
computed  only  for  a  rough  illustration  of  the  basic  overall  properties. 

The  beam  current  capacity  of  this  interaction  space  can  be 
g.iuged  by  calculating  the  pertinent  value  of  the  Brillouin  laminar  beam 
current  which  is  given  by 

1  *  ^  — -  ll  -  J\  -  x!2  •  (54> 

where  I  Is  the  width  of  the  interaction  space,  X<.  is  the  free  space  wavelength 
at  the  cyclotron  frequency,  and  4  0  io  the  free  space  wave  impedance  *  372fl. 
If  we  assume  l/X  ■  0.  25,  then  a  value  of  17.  2  A  is  obtained  for  the  particular 
CFA  example.  Thus,  if  a  fully  saturated  Brillouin  beam  with  this  current 
existed  at  the  input  of  such  a  CFA  of  arbitrary  length,  a  saturated  rf  power  of 
at  least  100  kW  is  conceivable  without  additional  distributed  emission.  With 
sufficient  length  and  sufficient  distributed  emission,  an  even  larger  satura¬ 
tion  power  level  is  conceivable  if  the  interaction  conditions  in  the  regions  of 
the  higher  power  level  are  still  reasonably  adiabatic.  If,  however,  the  power 
level  is  so  high  that  nonadiabatic  motion  occurs,  then  efficiency  would  begin 
to  fall  and  such  power  levels  would  become  academic  for  such  a  CFA  inter¬ 
action  space.  The  onset  of  nonadiabatic  conditions  can  be  estimated  from  an 
evaluation  of  the  rf  potential  (c f  Equation  {17)Jas  a  function  of  rf  power  level. 
For  this  example  the  rf  potential  is  equal  to  632  V  P0,  where  P©  is  in  kilo¬ 
watts.  Thus,  when  P0  «  100  kW,  the  rf  potential  is  equal  to  6.  32  kV,  which 
is  comparable  with  the  anode  potential  of  12  kV.  Thus,  above  100  kW, 
decrease  of  efficiency  should  result  in  the  additional  power  transfer  because 
of  the  onset  of  nonadiabatic  conditions.  The  onset  ot  nonadiabatic  conditions 
roughly  corresponds  to  r/Tc  l. 

This  is  exhibited  in  Figure  A-4  which  shows  T/Tc-vs-power  level 
from  0. 1  to  100  kW  for  a  CFA  of  the  parameters  chosen  above.  This  basic 
time  constant  depends  on  the  power  level  as  the  inverse  square  root;  there¬ 
fore,  over  the  1000  to  1  range  of  power  level,  the  time  constant  varies  from 
roughly  30  cyclotron  periods  to  about  one. 
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igure  A-4.  The  Time  Constant 


A-3.  1  Adiabatic  beam  bombardment.  The  cathode  back -bombardment 
properties  in  the  case  of  a  beam  with  dc  trajectories  distributed  as 
w(p)  -  sin  p  tt/2  will  now  be  reviewed.  The  results  are  computed  on  the 
basis  of  adiabatic  trajectories  and  account  is  made  of  the  deviation  from 
exact  adiabatic  results  because  of  the  finite  energy  transfer  to  an  electron 
in  the  last  cyclotron  period  before  impinging  on  the  cathode.  The  assumed 
beam  is  a  reasonable  guess  of  the  variety  of  trajectories  existing  during 
initial  buildup  of  a  cold  cathode  CFA  or  in  the  input  region  during  a  steady 
state.  During  buildup,  initial  free  electrons  may  arise  from  ionization  or 
from  secondary  emission  at  the  cathode  by  ion  or  electron  bombardment. 

In  all  these  cases  of  origin,  the  free  electrons  follow  cycloidal  trajectories, 
p  =  1,  since  they  begin  their  trajectories  approximately  at  rest.  Electrons 
derived  from  emission  at  the  end  shields  may  follow  trajectories  with  p  ji  1. 
In  any  case,  the  initial  electrons  will,  in  general,  possess  finite  velocity 
components  in  the  direction  of  magnetic  field.  Therefore,  after  sufficient 
time,  electrons  will  experience  one  or  several  reflections  at  the  end  shields 
which  will  tend  to  alter  the  value  of  p  on  a  random  basis  either  to  higher  or 
lower  values.  In  this  manner  it  is  reasonable  to  assume  that  the  distribution 
of  p  among  the  electrons,  given  sufficient  time,  will  be  broadened  from  an 
initial  distribution  highly  peaked  at  p  =  1,  to  a  broader  distribution  such  as 
is  assumed.  The  distribution  is  still  a  maximum  at  p  =  1.  Conditions  of 
long  drift  times  before  collection  can  be  assumed  to  exist  during  buildup  or 
in  the  case  of  electrons  passing  through  a  drift  region  between  the  output 
and  input  of  a  re-entrant  CFA.  In  the  latter  case,  it  is  assumed  that  the 
space-charge  density  is  much  smaller  than  the  Brillouin  value  so  that  space - 
charge  forces  only  alter  the  values  of  the  orbital  parameters  of  the  trajec¬ 
tories  by  a  small -to -moderate  degree  from  space-charge  free  values  but  do 
not  completely  suppress  the  orbital  nature  of  beam  trajectories,  which  would 
have  to  be  recognized  if  the  space-charge  density  were  the  full  Brillouin 
value. 


The  time  Ts  for  electrons  in  appropriate  phases  to  drift  to  the 
cathode  under  adiabatic  conditions  is  plotted  in  Figure  A-5  for  five  values  of 
P*  This  time  is  proportional  to  the  basic  time  constant  t  which  depends  on 
power  level,  but  otherwise  the  relative  variation  of  Ts  with  initial  phase  <|>0 
and  orbital  amplitude  p  is  independent  of  power  level.  Several  important 
features  of  the  adiabatic  electron  motion  are  demonstrated  on  this  figure. 
For  a  given  p,  only  those  electrons  with  initial  phase  <(>0  in  the  range  of 
it  -  ^  are  collected  by  the  cathode,  where  (j>m  is  given  by 

Equation  (35).  The  total  range  2<j>m  is  zero  at  p  =  0  and  approaches  zero  at 
large  p.  This  means  that  a  beam  of  rectilinear  trajectories  within  the 
assumptions  of  adiabatic  motion  is  not  collected  at  the  cathode  at  all.  Since 
rectilinear  trajectories  in  a  laminar  beam  is  the  assumption  of  most  non¬ 
linear  theories  of  crossed-field  devices,  it  is  not  surprising  to  observe  that 
these  theories  provide  no  information  on  cathode  or  sole  bombardment.  The 
fact  that  <j>m  approaches  zero  at  large  p  indicates  that  electrons  of  large  p 
are  of  little  significance  for  cathode  bombardment.  The  range  <t>m  has  a 
maximum  at  p  =  1,  the  cycloidal  trajectories  with  a  minimum  Ts  =  0,  i.  e. 
neglecting  a  one  cycloid  period  in  the  electron  lifetime.  The  actual  drift 
times  are  as  large  as  20  or  more  cyclotron  periods  for  P0  =  1  kw  or  lower 
and  p  =  0.  1.  For  orbital  amplitudes  close  to  unity,  e.  g. ,  p  =  0.  9,  the 
actual  drift  times  are  quite  small,  in  general  less  than  one  cyclotron  period 
even  at  power  levels  of  0.  1  kilowatt. 
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Figure  A-5. 


^lectron  Drift  Time  to  Sc 
Under  Adiabatic  Motion 
vs  Phase  for  Several  Orb 
Amplitudes 


From  this  one  aspect  of  adiabatic  beam  bombardment  of  the 
cathode,  one  can  see  several  reasons  why  the  cycloidal  trajectory  and  its 
characteristics  should  predominate.  First,  it  was  assumed  in  the  distri¬ 
bution  w(p)  =  sin  p  ir/2,  that  the  cycloid  or  near -cycloid  trajectories  are 
most  probable.  Second,  assuming  that  trajectories  of  any  p  are  distributed 
uniformly  in  initial  phase,  it  is  only  for  p  =  1  that  50%  of  the  trajectories 
intercept  the  cathode.  For  p  =  0.  1,  for  example,  only  six%  of  the  trajec¬ 
tories  intercept  the  cathode. 

As  discussed  in  Section  A-2,  the  back-bombardment  energy  is 
bounded  by  minimum  and  maximum  values  given  by  Equations  (38)  and  (39), 
which  are  very  close  in  value  at  low  power  but  diverge  appreciably  at  high 
power  especially  for  near -cycloidal  trajectories,  p  ~  1.  The  minimum 
value  does  not  depend  on  power  level,  but  is  realized  only  after  the  drift 
time  Ts  has  passed.  This  value  is  plotted  in  Figure  A-6.  It  is  seen  that 
this  minimum  bombardment  energy  is  zero  for  a  cycloid  but  is  equal  to  V  , 
the  beam  potential  for  p  =  0,  2. 

The  maximum  value  is  greater  than  the  minimum  value  by  a 
term  which  depends  on  power  level  and  p  (cf  Equation  39),  being  proportional 
to  p.  The  factor  of  proportionality  to  p  is  the  back-bombardment  energy  of 
a  cycloid.  This  has  a  maximum  value  at  60  ~  it  and  is  plotted  as  a  function 
of  power  level  in  Figure  A- 7.  This  energy  is  only  10  -  20%  of  VQ  for  the 
low  power  range  of  0. 1  -  1  kw,  which  may  be  characteristic  of  the  input 
section  or  buildup  period  of  the  typical  CFA.  At  high  power  levels  ~10  - 
100  KW,  which  may  characterize  the  output  region  in  the  steady  state  for 
this  example,  the  bombardment  energy  is  of  the  order  of  VQ.  The  result  for 
100  kW  is  not  expected  to  be  accurate  because  of  the  inception  of  nonadlabatlc 
conditions  in  the  electron  trajectories. 

The  total  maximum  bombardment  energy  for  any  p  and  60  »  *,  Is 
plotted  in  Figure  A-8  as  a.  function  of  power  level.  This  maximum  value  is 
slightly  higher  than  the  minimum  by  10  -  20%  in  the  range  of  0.  1  -  1  kW 
where  the  values  of  (Vbb/Vo)max  are  generally  less  than  0.  5  except  for  the 
least  likely  trajectories  of  p  *  0.  1,  p  ■  1.  9.  At  high  power  levels, 
(Vbb/VoJmax  is  of  the  order  of  1,  except  for  the  less  likely  trajectories 
p  =  1.  9,  and  p  ■  1.  5. 

Assuming  random  phases  of  orbital  motion,  one  can  expect  the 
average  value  of  (Vbb/VQ)  for  adiabatic  trajectories  to  be  the  mean  of  the 
minimum  and  maximum  values  plotted  in  Figures  A-6  and  A-8.  The  mean 
value  is  greater  than  the  minimum  by  about  0.  1  -  0.  2  at  low  power  levels 
and  by  about  0.  5  at  high  power  levels.  It  is  to  be  noted  that  the  values  in 
Figure  .  **  are  the  maximum  values  expected  for  any  p  which  will  occur  at 

6o  *  for  which  the  phase  ♦*  in  the  bombardment  point  is  also  roughlf 
equal  to  ir.  For  electrons  at  initial  phases  other  than  6C  *  *«  *he  values  drop 
off  by  the  factor  Icos  6s  I  (the  second  term  of  Equation  39)  so  that  for  a 
large  portion  of  the  range  60,  especially  at  p  much  different  from  unity,  the 
bombardment  energies  approach  the  minimum  value  expected* 
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Figure  A-7.  The  Maximum  Bombardment  Energy  for  a  Cycloid  as  a 
Function  of  Power  Level 


Figure  A-8.  Maximum  Bombardment  Energy  under  Adiabatic  Conditions  as 
a  Function  of  Power  Level  and  Orbital  Amplitude 
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In  general,  one  can  conclude  that,  for  the  less  likely  trajectories 
with  p  quite  different  from  unity,  the  back -bombardment  properties,  includ¬ 
ing  bombardment  energy,  are  close  to  the  minimum  and  independent  of  power 
level  except  for  the  dependence  of  drift  time  on  power.  For  near  cycloidal 
trajectories,  which  are  more  likely,  the  bombardment  properties  arc 
strongly  dependent  on  power  level. 

It  was  pointed  out  in  Section  A-2  that  adiabatic  trajectories  in 
general,  except  for  p  close  to  unity,  will  bombard  the  cathode  at  near- 
grazing  incidence,  i.  e. ,  0|r>  ~  ±  tr/Z  in  Figure  A-3.  The  greatest  devia¬ 
tion  from  grazing  will  occur  when  $8  ~  tr,  according  to  Equations  (43)  and 
(44).  The  deviation  Increases  as  the  quantity  0,  o<  0<  0max  incr  ^es  from 
zero.  The  value  of  Ornax  corresponds  to  the  angle  of  incidence  of  a  cycloid 
and  its  dependence  on  power  level  is  shown  in  Figure  A-9.  Whereas  the 
incidence  of  a  cycloidal  trajectory  changes  from  normal  toward  grazing  as 
power  increases,  the  angle  of  incidence,  for  a  trajectory  of  p  quite  different 
from  unit,  changes  from  grazing  toward  normal  as  power  increases,  albict 
slowly  in  the  case  of  p  =  0.  1.  These  features  are  illustrated  in  Figure  A- 10 
for  five  values  of  p.  In  each  case  it  should  be  remembered  that  the  result 
represents  the  maximum  deviation  from  grazing  incidence.  The  average 
angle  of  incidence  is  closer  to  grazing  than  the  value  shown  in  Figure  A- 10. 
The  distribution  of  angles  of  incidence  is  thjis  closely  confined  to  near- 
grazingo(90  )  for  y  *  0.  1,  hover  around  70  for  p  *0.5,  increase  from 
30  to  45  for  p  ~  0.  9,  and  assume  positive  and  negative  values  fey  p  *  >  1. 
The  case  p  ■  1,  5  shows  the  angle  of  incidence  varies  from  ~  -60  to  +30°  as 
power  is  increased,  with  normal  incidence  occurring  at  ~10  kW.  Normal 
incidence  for  p  *  1.  9  occurs  at  30  kW,  showing  that  increasing  p  tends  to 
yield  a  negative  angle  of  incidence. 

Estimates  of  the  distribution  and  the  average  value  of  the 
principal  back-bombardment  properties  were  obtained  for  the  assumed  beam 
distribution  w  ■  sin  p  w/2.  Since  only  five  values  of  y  were  used,  although 
equal  increments  of  0.  1  were  used  for  +g,  the  number  of  samples  is  limited 
and  the  resulting  distributions  are  jagged  but  probably  represent  the  expected 
smooth  curve  adequately  for  the  present  purposes. 

The  distributions  of  drift  time  were  similar  at  all  power  levels. 
The  one  for  0.  5  kW  is  shown  in  Figure  A- 11.  There  is  a  sharp  peak  at  about 
T*  equal  to  one -half  cyclotron  period,  corresponding  to  the  predominance  of 
cycloids  for  the  trajectories  of  the  bombarding  electrons.  The  great 
majority  of  electrons  intercept  the  cathode  by  the  time  of  6  cyclotron  periods. 
The  few  values  of  Tg  at  around  30  cyclotron  periods  correspond  to  the  few 
electrons  of  p  *  0,  1  which  intercept  the  cathode.  The  abscissa  scale  varies 
with  power  level  approximately  as  the  square  root  corresponds  to  the 
dependence  of  r  on  PQ.  Actually  the  values  of  Tg  are  uncertain  by  one 
cyclotron  period  corresponding  to  the  uncertainty  of  the  phase  of  orbital 
motion  at  the  instant  of  collection.  Therefore,  the  peak  is  actually  at  roughly 
one  cyclotron  period. 
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Figure  A-10. 


The  Maximum  Angle  of  Incidence  (with  Reepect  to  Normal 
Incidence)  for  Electron*  of  Varlou*  Orbital  Amplitude  a*  a 
Function  of  RF  Power  Level 
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fifur*  A- II.  Typical  Distribution  of  Drift  Time  for  Electron*  in  a 


The  average  drift  time*  for  the  electron*  of  *.hc  a*»umed  beam 
which  reach  the  cathode  are  illustrated  in  Table  A*l. 


Table  A-l. 

Average  Drift  Time  of  Adiabatic  Case 

PQ  (kilowatts) 

Tft/Tc 

0.  1 

5.  5 

0.  5 

2.9 

1.0 

2.  1 

10.0 

1.  1 

100.0 

0.6 

The  average  value  of  the  minimum  bombardment  energy  for  the 
a**umed  beam  I*  about  0. 17  V0.  Thi*  re«ult  again  reflect  the  predominance 
of  near -cycloidal  electron*  In  those  electron*  which  reach  the  tathode. 

A  typical  distribution  for  the  maximum  bombardment  energy  1* 
shown  in  Figure  A-12.  The  disjointed  curve  is  a  result  of  the  small  number  (5) 
of  unequally  dtstr.buted  values  of  p  used  in  lh«  compulation.  The  result 
is  adequate  to  permit  the  observation  again  that  near-cycloidal  trajectories 
predominate  since  the  principal  pea*  (In  this  ca*e  at  0.22|  Is  due  to  the  near- 
cycloidal  trajectory  p  ■  l. 

The  average  values  of  the  bombardment  energies  for  the  assumed 
beam  are  tabulated  In  Table  A-2. 


Table  A-2. 

Bombardment  Energies  of  Beam  Under  Adiabatic  Motion 


,  (kw) 

o 

<Vbb'Vo>  mln 

<Vbb'Vm.* 

O  1 

0.  1 

0.  17 

0.22 

0.  20 

0.5 

0.  17 

0.29 

0.23 

1.0 

0.  17 

0.  34 

0.26 

10.0 

0.  17 

0.71 

0.  44 

100.0 

0.17 

1.88 

1.03 

•  mean  or  most 
probable  value 


It  is  only  for  power  levels  less  than  0.  I  kW  that  the  mean  or  most 
probable  bombardment  energy  Is  that  of  the  minimum  associated  with  the 
adiabatic  solution,  without  the  correction  for  energy  transfer  on  the  last 
cyclotron  period  before  collection.  This  observation  is  In  parallel  with  the 
observation  that  the  mean  drift  time  (Table  A-l)  Is  as  long  as  10  or  more 
cyclotron  period*  only  at  power  levels  below  0.  I  kW, 

At  low  power  levels,  0.  1  -  1  kW,  the  mean  bombardment  energy 
Is  about  0.  25  This  is  probably  applicable  o  an  input  region  on  the  build¬ 
up  phase.  The  high  power  level  of  100  kW  yields  a  predicted  mean  value  of 
~  V0  for  the  bombardment  energy,  but  th«*  i*  presumably  modified  by  the 


\« 
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onset  of  nonadiabatic  conditions.  There  exists  •  minimum  bombardment 
energy  which  persists  as  power  level  decreases.  This  is  because  the 
assumed  beam  contains  trajectories  other  than  cycloidal  whose  bombardment 
energies  from  adiabatic  motion  are  independent  of  rf  power  and  result 
theoretically  after  sufficient  drift  time.  The  cycloidal  trajectory  is  unique 
in  yielding  a  bombardment  energy  which  decreases  with  power  level  with  no 
limiting  value  —  i.  e. ,  it  dec  rcases  to  zero  as  v  Pq. 

The  electrons  of  the  assumed  beam  exhibit  a  wi^e  variety  ei 
angles  of  incidence  at  low  power,  from  grazing  to  within  30  of  normal 
incidence  as  shown  in  Figure  A- 13.  The  quantity  plotted  is  the  density  of 
the  maximum  deviation  from  grating  incidence.  Therefore,  most  electrons 
are  closer  to  grating  than  that  class  which  has  maximum  deviation  from 
grating  for  a  given  p,  the  latter  being  the  class  described  in  Figure  A-13. 
For  this  class,  the  predominance  of  cycloids  is  illustrated  by  the  fact  that 
higher  power  levels  leads  to  a  distribution  (e.  g. ,  the  one  for  1.0  kW  In 
Fipire  A-13)  which  is  peaked  toward  the  norr.tat  incidence  value  —  i.  e. , 
about  30'  from  normal. 

Table  A- 3  summarise*  the  mean  value  of  the  departure  from 
grating  argle  of  incidence  (90  or  1.5?  radians)  for  the  class  of  electrons 
exhibiting  the  maximum  departure  and  the  overall  beam. 

Table  A-3. 


Summary  of  Mean  Values  of  Angle  of  Incidence  for 
AH  I  aka  tic  Beam  Bombardment 


P.  (kw) 

o 

^Inc^max 

(radians) 

^Ine^min 

(radians) 

•V» 

(radians) 

(overall  average, 
moat  probable  values) 

0.  1 

1.  57  (grating) 

0.  86 

1.23 

0.5 

1.57 

0.  75 

1.  17 

1.0 

1.57 

0.  70 

1.  14 

1.5 

1.57 

0.  56 

1.07 

1.9 

1.57 

0.  69 

1.  13 

It  is  clear  thaj  angles  of  Incidence  for  the  beam  electrons  vary 
from  grating  to  within  30  of  thj  normal  at  all  power  levels,  but  the  overall 
most  probable  value  is  about  60  from  normat  incidence  and  Is  not  too  sensi¬ 
tive  with  respect  to  power  level.  These  are,  06  course,  crude  deliberations, 
since  the  distributions  of  (0{nc)  *re  examined  with  reference  to  the  associated 
distribution  of  V^. 

Despite  the  crudeness  of  the  statistical  analysis,  It  is  reasonable 
to  assume  that  the  adiabatic  beam  Is  characterised  in  this  typical  CFA  by: 
average  drift  times  of  several  cyclotron  periods,  decreasing  to  one  period 
at  high  powers,  average  bombardment  energies  of  0.20  V0  at  low  power 
(0.  1  kW)  and  70  at  high  power;  and  average  angles  of  incidence  of  about  60 
from  normal,  although  the  distribution  o(  angles  of  Incidence  includes  con¬ 
siderable  near  -  grazing  angles,  especially  at  low  power. 
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Figure  A*IJ,  Typical  Distribution  of  Angles  of  Incidence 
for  a  Beam  Composed  of  Orbital  Amplitudes 
p  Given  by  W  (p)  ■  sin  p  */2 


A-3.2  Cycloidal  beam  bombardment.  A  generalized  beam  as  studied 
under  the  adiabatic  case  displays  a  greater  variety  of  behavior  depending  on 
the  trajectory  than  the  cycloid;  the  latter  appears  to  be  unique  in  the  process 
of  CFA  cathode  back-bombardment  and  secondary  emission.  Thus,  a 
separate  review  of  the  properties  of  a  cycloidal  beam  bombardment  is  in 
order. 


The  bombardment  energy  depends  simply  on  and  r/Tc  as  in 
Equation  (49).  The  maximum  value  occurs  at  ^  e  *  and  Is  plotted  in 
Figure  A-7.  The  distribution  of  back -bombardment  energy  at  a  given  power 
level  is  computed  simply  and  Is  proportional  to 
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This  distribution  Is  plotted  for  PQ  ■  0.  5  kW  In  Figure  A-14.  It  shows  a 
sharp  peak  at  the  maximum  value  of  0.  125,  corresponding  to  w» 

and  an  almost  uniform  density  of  1/*  ( t/T c )  for  the  lower  energies  below 
0.  10.  The  average  value  of  bombardmeev  energy  Is 


(56) 


For  th’s  example  the  average  value  Is  •  0.  0S2  V^. 

The  angle  of  Incidence  Is  given  by  Equations  (50)  and  (51).  The 
Incidence  Is  normal  at  low  power  and  progresses  towards  graslng  as  power 
Is  Increased.  The  dependence  on  bombardment  energy  Is  shown  In  Figure 
A-15.  At  a  fixed  power  level,  the  electrons  at  +  *  would  exhibit  the 

greatest  deviation  from  normal,  whereas  the  electrons  near  40  — */2,  3 */2, 
would  ‘•xhlblt  near-normal  In  Idence. 

One  other  important  quantity  In  the  bombardment  process  Is  the 
phase  shift  of  the  secondary  trajectory  with  respect  to  the  primary.  For 
cycloidal  bombardment,  this  quantity  is  given  by  Equation  (53)  and  Is  plotted 
vs  4o  *or  th*  Hvt  power  levels  In  Figure  A-16.  We  see  that  there  is  a 
particular  phase  ♦  for  which  the  phase  shift  Is  aero.  This  value  Is  close  to 
*/2  for  low  power  and  progresses  toward  *  as  power  is  increased.  The 
maximum  ptase  shift  Is  small  at  low  power  (e.g.,  40.  13  radians  at  0. 1  kW\, 
Insuring  many  steps  of  a  multiplication  sequence  of  secondaries,  but  at  high 
power,  e.g.  10  kW,  where  Is  large  (up  to  1.4  radians  for  100  kW), 
secondaries  escape  from  the  bombardment  region  quickly  and  the  multiplica¬ 
tion  sequence  is  quite  limited. 
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Figure  A-16,  The  Phase  Shift  of  a  Secondary  with  Respect 
to  a  Primary  In  the  Cate  of  Cycloidal 
Bombardment  a*  a  Function  of  Initial  Phase 
and  Power  Level 
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The  principal  ftaturcs  of  the  bombardment  with  cycloidal  trajec¬ 
tories  are  summarized  in  Table  A-4. 

Table  A-4. 


Back -Bombardment  Properties  with 
Cycloidal  ’trajectories 


p 

n 

fvbb. 
o  max 

f^bb . 
f  — —  1 

o 

^Inc  ®lnc 

for  ^hb 

(radians)  (radians) 

(radians) 

A+ 

max 

(radians) 

*+ml„ 

(radians) 

0.  1 

0.056 

0.036 

0.  11 

0.  10 

1.63 

♦  0.  13 

-0.015 

0.5 

0.  125 

0.  012 

0.  11 

0.  15 

1.73 

4  0.  20 

-0.  05 

1.0 

0. 177 

0.  115 

0.21 

0.  17 

1.78 

♦  0.  25 

-0.  08 

10.0 

e,  56 

0.364 

0,37 

0.  30 

2.  II 

♦  0.55 

-0.  28 

100.0 

1.77 

1.  15 

0.  70 

0.  55 

2.  50 

♦  1.4 

-0.92 

The  values  of  V^b  and  Oj,*  for  +Q  ■  4r  are  of  particular  interest 
because  electrons  near  this  phase  initiate  the  longest  sequences  of  secondary 
emission  multiplication.  These  are  listed  in  Table  A- 5  and  compared  with 
t> «  values  of  #|nc  and  Vbb  at  the  point  of  maximum  bombardment  energy, 

♦0  ■  ».  Also  listed  Is  the  phase  shift  A4  at  +o  *  *,  and  the  maximum  number 
of  multiplication  sequences  that  can  arise  from  an  electron  40  *  *. 

Table  A-5. 


Comparison  of  Bombardment  Properties  at  4>  and  ■  w 
(Assuming  Velocity  Synchronism) 


« -  ♦„  *  *  - ■*  < -  ♦„  ■  ♦.  - > 

V..  .  V*  • 


v*w) 

Vbb 

v — 

o 

°inc 

(radians) 

A4 

(radians) 

Nm« 

ob 
~~V~ 
_ o_ 

°lnc 

(radians) 

A4> 

(radians) 

0.  1 

0.056 

0.  11 

0.  12 

~11 

0.  004 

0.03 

0 

0.5 

0.  125 

0.  16 

0.  18 

~  9 

0.02 

0.  06 

0 

1.0 

0.  177 

0.21 

U,.  2 1 

~  7 

0.037 

0.  09 

0 

10.0 

0.  56 

0.  37 

0.  38 

~  4 

0.29 

0.27 

0 

100.0 

1.77 

0.  70 

0.63 

■*»  2 

1.42 

0.  62 

0 

It  would  seem  that  V^b  is  too  small  to  yield  a  secondary  emission 
ratio  4  >  1  for  40  »  4e  at  low  power,  so  that,  at  low  power,  the  maximum 
secondary  emission  should  originate  from  bombardment  at  4o  ~  v.  However, 
since  Nm*x  decreases  considerably  with  power,  we  might  suspect  that  the 
limit  on  Nwould  limit  the  emission.  Actually,  the  best  conditions  for  second' 
ary  emi'eion  multiplication  in  a  tube  of  finite  length  probably  exist  with 
40  ~  *  (i  20%)  and  the  beam  and  circuit  wave  velocities  unequal  -  i.  e. ,  off 
synchronism.  This  would  introduce  an  additional  phase  shift  and  by  this 
means  A 4  could  be  adjusted  to  be  zero  at  40  ~  *•  The  required  change  in 
A+  demands  operation  at  voltages  or  beam  velocity  below  synchronism.  At 
beam  velocities  above  the  synchronism  value,  the  existence  of  some  4e  in  the 
range  «/2<  40 <  3*/2  soon  disappears,  which  would  denote  the  beginning  of 
the  loss  of  secondary  emission  multiplication. 
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At  velocity  synchronism,  the  value  of  $  is  given'by 


i  it  .v  sinh  V  d 

| sec  4»e  |  -  jcos  <»eJ  =  ^  ° 


V 


(57) 


(cosh  |  yQd)  2Rc(d>Po 

T,  .  ThJis  shows  4>e  ~  v!l  at  low  power  and  <\>  ~  tt  at  high  power. 

Ihere  is  a  moderate  amount  of  dependence  of  <|>e  on  y  d,  X.  and  V  but  it 
seems  that  the  flexibility  of  adjusting  by  off-'synchfonismTnierltS  1.  the 
more  Bigmficant  factor  in  a  reasonable  picture  of  the  multiplication  process 
and  the  conditions  required  for  its  existence. 

A-4.  CONCLUSIONS 

The  back-bombardment  properties  of  space-charge  free  electron 

Ct°rieS  m  a  CFA  have  been  calculated.  Two  cases  were  distinguished: 
U)  beams  composed  of  a  variety  of  trajectories  and  (2)  beams  of  only 
cycloidal  trajectories.  For  most  processes  in  the  distributed  emission  cold 
cathode  CFA  whether  re-entrant  or  non-reentrant,  the  second  case  is  more 
applicable,  whether  during  a  buildup  phase  or  in  a  steady  state.  Only  in  the 
initial  bombardment  in  the  input  region  of  a  CFA  would  the  first  case  be  of 
interest,  provided  there  was  an  input  beam  as  results  in  the  re-entrant  CFA. 

Th®  first  case,  or  general  adiabatic  beam  case,  is  character¬ 
ized  by  long  drift  times  before  bombardment  (i.  e. ,  the  order  of  10  at  low 
power);  high  values  of  back -bombardment  energy  Vbb  ~  0.  20  Vb  grazing  to 
a  out  45  from  the  normal.  Even  in  this  case,  the  near -cycloidal  trajec¬ 
tories  tend  to  dominate  the  results  because  of  their  greater  probability  of 
capture  by  the  cathode.  Nevertheless,  the  presence  of  trajectories  suffi- 
ciently  far  from  cycloidal  results  principally  in  the  possibility  of  a  consider¬ 
able  Vbb  value  at  low  power,  at  the  expense  of  longer  drift  time. 

The  second  case,  or  cycloidal  case,  applies  to  the  multiplication 
process,  whether  initiated  by  a  cycloidal  beam  or  general  adiabatic  beam, 
this  case  is  characterized  by  a  back-bombardment  energy  proportional  to 
the  beam  potential  VQ  and  the  square  root  of  the  power  level.  Thus,  at  low 
power,  the  maximum  Vbb  is  less  than  results  in  the  adiabatic  case  (e.  g. ,  in 
the  exampie  studied,  the  cycloidal  case  yields  a  maximum  Vbb  of  0  056  V 
at  0.  1  kW  as  compared  to  0.  22  V0  in  the  adiabatic  case).  A  value  of  '  ° 

vbb  ~  °*  20  V0,  however,  is  obtained  in  this  example  for  the  cycloidal  case 
at  a  power  levei  of  i  kW,  which  is  roughly  20  db  below  the  saturation  power 
level.  At  10  db  below  saturation  power  level,  the  bombardment  energy  is 
roughly  about  0.4  VQ.  The  angles  of  incidence  are  close -to -normal  in 
general,  except  at  high  power  where  the  deviation  from  normal  mav  be  as 
much  as  30  or  more. 

The  important  properties  of  cycloidal  beam  bombardment  include 
the  existence  of  an  initial  phase  <j>e  for  which  the  phase  shift  of  secondaries 
with  respect  to  primaries  is  zero.  This  phase  is  adjustable  within  the  range 
of  tr/2  -  3tt/2  by  o£f-synchronism  interaction.  It  is  thus  speculated  that  the 
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mtiai  buildup  and  also  the  steady-state  process,  with  low  drive  occurs  with 
7  •  fnd  below- synchronism  interaction.  Ih  this  way  a  continuing  source 

of  initiation  of  the  multiplication  process  moves  along  with  the  wave. 

af  i  the  cycloidal  process  characterized  by  low  Vhh  and  low 

at,  l°Z  18  ™ost  s‘gnificant  for  the  cold  cathode  CFA,  it  is  con- 

rn  ^  hlg^7  VJ>b  and  more  §razing  incidence  of  bombarding  electrons 

could  be  achieved  for  low  power  by  inducing  non-cycloidal  trajectories. 

his  could  be  accomplished  by  appropriate  corrugations  or  periodic  saw- 
tooths  m  the  cathode  surface.  Such  techniques  hale  been  s£d  to  be  signifi¬ 
cant  in  yielding  variation  of  cathode  back-bombardment  in  magnetronsf 

The  back-bombardment  energy  Vbb  varies  as  Icos  d>„  I  in  the 

irSi?at0nin£aVOr^ble  m}er^tion  Phase  *'2<4>o<  3tt/2.  This  simple  result, 

becaise  oflliT1?^  b  ardmfnt  at  ^  =  "  or  somewhat  greater  than  tt 
because  of  phase  shift  corresponds  to  results  of  Feinstein.  3 

j  i  Feinstein' s  results  are  for  a  planar  magnetron  and  based  on  a 

dismrhin  aii5ng  a  Brill.ouin  sPace-charge  hub  which  is  not  essentially 
disturbed  in  dc  properties  as  the  rf  motion  of  initially  synchronous  electrons 

£°rmi  tlTF°einsi°Ugth  ^  Char*e*  ™S  s/em  unrealfstic  but  Tt 

permitted  Feinstein  to  obtain  some  numerical  results  in  a  simple  manner 
His  power  leve  value  of  f  =  0.  01,  0.  1,  correspond  approximately  to  power 
evels  of  roughly  0.  5  and  50  kW  respectively  in  this  study.  Table  A- 6 

th^study.  PrmCipal  reSultS  £or  back-bombardment  energy  with  those  of 


Table  A- 6. 

Comparison  of  Back-Bombardment  Energy  from 
F einstein  and  this  Study"  M 


Feinstein  Study 


Present  Study 
V, 


Parameter 

f 

0.  01 

0.  1 


(Vbb) 

(V~> 

o  max 

0.  125 
0.  58 


Ab. 
Hr1  . 

o  min 


>  0 
~  0 


PQ(kw) 


0.5 

50 


(Vbb) 

(  y—> 

o  max 
(cycloidal 
case) 

0.  125 
1.  25 


bb 


/  uo  > 

) 

°  max  o  mil 
(adiabatic  beam 
_ case) 


0.29 

1.31 


0.  17 
0.  17 


0  -  ,  w  ,  Jhe  aPPare"t  agreement  at  f  =  0.  01  with  the  present  results  at 
0.  5  kW  for  the  cycloidal  case  may  be  somewhat  fortuitous  since  the  distri¬ 
bution  in  Feinstein' s  results  for  this  case  is  not  as  close  to  cosinusoidal  as 

nelr^duwl  thC  Tl0;dal  C.a®e.*  ..Since  F einstein' s  model  implies  essentially 
near -adiabatic  motion  from  initially  rectilinear  trajectories,  we  have  * 

expected  Vbb  ~  V0  in  all  cases  or  somewhat  less.  It  appears,  however, 

Uon  of  I'eTZ  V  !i°Vhe  6fferCt  °f  SpaCe  charge»  in  causing  a  varia¬ 
tion  of  dc  E  field  along  the  history  of  an  electron  drift  is  to  cause  the  electron 
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to  progressively  assume  a  quasicycloidal  trajectory.  This  trajectory  will 
have  a  greater  average  dc  velocity  in  the  direction  of  the  hub  translation  than 
the  laminar  velocity  at  the  average  position  above  the  cathode. 

For  the  high  power  level  f  =  0,  1,  Feinstein' s  results  yield  a 
value  of  Vbb»  one-half  of  that  in  the  present  study.  This  can  be  explained 
by  the  greater  rf  electric  field  experienced  by  the  cycloid  of  the  present 
study  at  its  maximum  excursion  toward  the  circuit,  as  compared  to  the 
lower  rf  fields  experienced  by  the  quasirectilinear  trajectory  in  Feinstein' s 
model. 


In  general,  the  magnitudes  of  V^b  agree,  at  least  in  order  of 
magnitude,  adequately  enough  for  us  to  conclude  that  the  cycloidal  case 
results  of  the  present  study  are  reasonable,  if  we  assume  that  near-cycloidal 
trajectories  actually  exist  in  cold  cathode  CFA' s.  This  is  certainly  true 
during  buildup  and  also  is  likely  in  the  steady  state. 

Feinstein' s  results,  it  may  be  noted,  have  some  peculiarities 
that  cause  some  question  of  validity,  especially  at  low  power: 

(1)  The  rf  field  distribution  is  assumed  exponential,  which  is  not 
correct  at  the  cathode; 

(2)  the  definition  of  slip  in  Equation  (4)  is  not  stated  with  complete 
consistency;  and 

(3)  the  results  of  his  Figure  A-7  show  initially  unfavorable  electrons 
continuing  to  drift  towards  the  cathode  even  after  they  have 
slipped  into  regions  of  favorable  phase. 

We  may  reasonably  conclude  that,  for  circuit-driven  cold  cathode 
devices,  space-charge  effeccs  are  secondary.  In  view  of  this,  the  Brillouin 
beam  model  is  useful  only  as  a  gauge  on  current  capacity  of  an  interaction 
space.  Certainly  during  the  buildup  phase,  and  probably  in  the  steady  state, 
space-charge  effects  are  secondary.  They  should  first  appear  in  a  modifi¬ 
cation  of  the  assumed  cyclotron  frequency,  and  beam  trajectory  shape.  The 
effective  cyclotron  frequency  would  be  lowered  and  the  cycloidal  shape 
stretched  out.  In  no  case  does  the  assumption  of  an  initial  laminar  beam  of 
full  space -charge  seem  significant  or  of  value  for  this  problem. 

With  the  neglect  of  space-charge,  the  optimum  interaction  for 
cold  cathode  secondary  emission  is  close  to  that  for  optimum  phase -focusing 
i.  e. ,  7Qd  =  1.92,  compared  to  7.  d  =  2.  0  for  a  given  beam  position  and 
voltage.  With  7Qd  ~  1.  5  -  2.  0,  a  reasonable  choice  of  beam  position  for 
efficiency  (e.  g. ,  X  ~  0.  5)  then  results  in  an  wc/w  value  of  2.  0. 

It  is  interesting  to  compare  these  conditions  with  those  for 
optimum  cold  cathode  emission  and  interaction  in  the  presence  of  a  circuit, 
assuming  that  space-charge  instability  is  a  primary  factor  in  the  buildup 
process  and  bombardment  process.  Hartman*  stages  these  conditions  as 
uc/u  s  2,  X  s  1/*#  and  7Qd  ~  w. 
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mav  he  vaii(f  wC-!'Churi8-e  intJeruaction  is  important,  these  latter  conditions 
ma/  be  valid,  but  it  is  believed  that  circuit-driven  cold  cathode  CFA' s 

especially  in  the  initial  buildup  process,  are  quite  independent  of  space- 

charge  phenomena  and  are  more  likely  to  operate  best  under  the  conditions 
derived  in  this  study. 

A  study  of  the  probable  multiplication  sequences,  utilizing  the 
theory  of  cycloidal  bombardment  and  the  secondary  emission  characteristics 
of  some  known  cathode  material,  would  be  of  interest.  It  should  be  thus 
possible  to  deduce  information  on  the  threshold  behavior  and  maximum 
power  limits  of  cold  cathode  CFA' s. 

Tl}e  maximum  current  boundary  of  a  re-entrant  cold  cathode 
CFA  is  sometimes  presumed  to  be  due  to  the  effective  6  passing  its  maximum 
or  even  the  upper  crossover  in  the  high  power  regions  of  the  interaction 
space.  It  may  be,  however,  that  other  effects,  such  as  limitations  on  the 
multiplication  sequence  in  cycloidal  back-bombardment,  could  lead  to  a 
maximum  current  boundary  before  the  effective  6  of  the  material  deteriorates. 

j  ,  h  sho^  J>e  noted  that  if  the  cycloidal  case  of  back-bombardment 

and  secondary  multiplication  is  valid  in  CFA' s  and  magnetrons,  then  the 
assumption  of  interaction  with  only  the  velocity- synchronous  spatial  harmonic 
may  be  in  error.  Certainly  in  the  magnetron,  both  forward-and  backward¬ 
traveling  fundamental  harmonics  must  be  taken  into  account  because  of  the 
short  interaction  time  of  a  cycloid.  This  leads  to  time  modulation  at  the  rf 
frequency  of  the  secondary  emission,  which  is  likely  to  be  quite  important 
in  the  starting  processes  of  the  magnetron.  In  nonresonant  CFA' s,  anv 
spatial  harmonic  rf  electric  field  of  magnitude  at  the  beam  position  com¬ 
parable  to  the  velocity- synchronous  harmonic  field  must  be  taken  into 

account.  This  could  include  backward-traveling  harmonics  as  well  as  fast 
mode  fields. 
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The  50  kv  S-band  Amplitron  test  vehicle,  QKS1194,  was  nearly  completed 
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Interest  in  and  effort  on  the  oxygen  approach  continues.  A  high  average  power 
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An  analysis  of  electron  back -bombardment  energy,  angle  of  incidence,  and  phase 
shift  in  CFA' s  is  given  in  the  Appendix. 
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